This work updates and expands on results of our long-term radar-driven observational campaign of main-belt asteroids (MBAs) focused on Bus-DeMeo Xc-and Xk-type objects (Tholen X and M class asteroids) using the Arecibo radar and NASA Infrared Telescope Facilities (Ockert-Bell, M.E., Clark, B.E., Shepard, M.K., Rivkin, A.S., Binzel, R.P., Thomas, C.A., DeMeo, F.E., Bus, S.J., Shah, S. [2008]. Icarus 195,[206][207][208][209][210][211][212][213][214][215][216][217][218][219]; Ockert-Bell, M.E., Clark, B.E., Shepard, M.K., Issacs, R.A., Cloutis, E.A., Fornasier, S., Bus, S.J. [2010]. Icarus 210, 674-692; Shepard, M.K. et al. [2008a] . Icarus 193, 20-38; Shepard, M.K. et al. [2008b] . Icarus 195, 184-205; Shepard, M.K. et al. [2010] . Icarus 215, 547-551). Eighteen of our targets were near-simultaneously observed with radar and those observations are described in Shepard et al. . Icarus 215, 547-551). We combine our near-infrared data with available visible wavelength data for a more complete compositional analysis of our targets. Compositional evidence is derived from our target asteroid spectra using two different methods, a v 2 search for spectral matches in the RELAB database and parametric comparisons with meteorites. We present four new methods of parametric comparison, including discriminant analysis. Discriminant analysis identifies meteorite type with 85% accuracy. This paper synthesizes the results of these two analog search algorithms and reconciles those results with analogs suggested from radar data (Shepard, M.K. et al. [2010]. Icarus 215, 547-551). We have observed 29 asteroids, 18 in conjunction with radar observations. For eighteen out of twenty-nine objects observed (62%) our compositional predictions are consistent over two or more methods applied. We find that for our Xc and Xk targets the best fit is an iron meteorite for 34% of the samples. Enstatite chondrites were best fits for 6 of our targets (21%). Stony-iron meteorites were best fits for 2 of our targets (7%). A discriminant analysis suggests that asteroids with no absorption band can be compared to iron meteorites and asteroids with both a 0.9 and 1.9 lm absorption band can be compared to stony-iron meteorites.
Introduction
Main-belt asteroids (MBAs) are critical for testing and modifying formation models of the Solar System. X-complex asteroids (Tholen, 1984; Bus and Binzel, 2002b ) play a fundamental role in the investigations of early formation theories because they represent about 20% of inner main-belt asteroids (Mothe-Diniz et al., 2003) and because they potentially include metallic asteroid cores (cf. Bell et al., 1989) .
We started this work in 2003, targeting the Tholen M-types (Tholen, 1984; Tholen and Barucci, 1989) . Since that time, taxonomy has evolved and our targets have been newly classified according to the Bus-DeMeo system (DeMeo et al., 2009 ). The Bus-DeMeo taxonomy builds on the Bus taxonomy (Bus, 1999;  http://dx.doi.org/10.1016/j.icarus.2014.05.008 0019-1035/Ó 2014 Elsevier Inc. All rights reserved. Bus and Binzel, 2002a,b; DeMeo et al., 2009 ) by using both visible and near-infrared data to group asteroids spectrally from 0.4 to 2.5 lm according to principal components. In the Bus-DeMeo system, our targets are now primarily called Xc-and Xk-types, however some of them are designated Xe or X-types. These asteroids have a notable lack of strong spectral features, and their near-infrared slopes range widely from flat to red. X-class asteroids have high slope values between 0.2 and 0.38 reflectance/lm. Xk-types are characterized as having a slight absorption near 0.9 lm.
Xc-types have a low to medium slope and are slightly curved and concave downward (DeMeo et al., 2009 ).
Because they have very few and very subtle spectral features, our survey of the X complex objects combines radar measurements with visual and near-infrared wavelength measurements for a more complete compositional determination. First results were presented in Ockert- Bell et al. (2008) and Shepard et al. (2008a,b) . In Ockert- we showed that six of seven asteroids with the highest iron abundances had consistent compositional predictions between our spectral techniques and radar evidence. For three of seven asteroids with low metal abundance, our spectral results were consistent with the radar evidence. The remaining seven asteroids had ambiguous compositional interpretations when comparing the spectral analogs to radar analogs.
In this paper, we present updated results from our long-term survey of the X-complex asteroids. We present new observations (69 Hesperia, 325 Heidelberga, 336 Lacadiera, 337 Devosa, 516 Amherstia, 792 Metcalfia, and 1214 Richilde), new comparisons of asteroid and meteorite spectra, parametric comparisons of asteroid and meteorite spectra, a new discriminant analysis, and a synthesis of all the work we have conducted to date. This paper directly follows and builds on our previous results Ockert-Bell et al., 2010) and corrects several typographical errors found in Ockert- post-publication (see Appendix A).
Observations and data reduction
Our observations were conducted at the Mauna Kea Observatory 3.0 m NASA Infrared Telescope Facility (IRTF) in Hawaii. We used the SpeX instrument, equipped with a cooled grating and an InSb array (1024 Â 1024) spectrograph at wavelengths from 0.82 to 2.49 lm (Rayner et al., 2003) . Spectra were recorded with a slit oriented in the north-south direction and opened to 0.8 arcsec. A dichroic turret that reduces the signal below 0.8 lm was used for all observations. Table 1 gives a summary of the asteroids that were observed in the near-infrared and radar for this program and Table 2 gives the observing circumstances. Following normal data reduction procedures of flat fielding, sky subtraction, spectrum extraction, and wavelength calibration, each spectrum was fitted with the ATRAN atmospheric model for telluric absorption features (Lord, 1992; Bus et al., 2003; Sunshine et al., 2004) . This procedure required an initial estimate of precipitable water in the atmospheric optical path using the zenith angle for the observation and the known s-values (average atmospheric water) for Mauna Kea. This initial guess was iterated until the best fit between predicted and observed telluric band shapes was obtained, and an atmospheric model spectrum was generated (Bus et al., 2003) . Following this, each asteroid spectrum was divided by the atmospheric model and then ratioed to each star spectrum, similarly reduced, before normalization at 1.2 lm. The final spectra we report are averages of 3-5 asteroid/star ratios, calculated to average out variations due to standard star and sky variability.
Usually, 2-5 different standard stars were observed on any given night at the telescope (64 Hyades, or any of 13 Landolt stars). We used only solar standard stars. In addition, 1-3 observations were obtained of each different standard star. Although we did not attempt a quality judgment of the asteroid observations, we paid careful attention to the star observations in order to eliminate ''bad'' spectra and/or ''bad'' nights at the telescope (such as nights when unresolved stratospheric clouds were too variable to be removed in reduction). As a matter of routine, we calculate the ratios of Asteroid 1/star 1 over Asteroid 1/star 2 for all permutations of 4-5 stars per night to help find bad star measurements (see discussion in Ockert- Bell et al., 2008 ; also see Clark et al., 2004a,b) .
Data analysis
Figs. 1-4 present our average asteroid spectra over all aspects. When possible, we include visible data obtained by other workers (Bus and Binzel, 2002a; Zellner et al., 1985; Chapman and Gaffey, 1979; Fornasier et al., 2010) . Error bars are not plotted; however formal measurement uncertainties that propagate through the reduction are less than the scatter in the data, so we suggest that the scatter in the data is the best illustration of the uncertainties of each spectrum measurement. Table 3a presents a summary of the spectral characteristics of our asteroids and radar results (whether the radar albedo indicates high, moderate or low NiFe content). Albedos are taken from the JPL Horizons database or Shepard et al. (2010) .
Spectral features
In this paper, we will refer to several spectral features seen in our dataset. In the near-infrared we see the 0.9 lm (Band 1) and 1.9 lm (Band 2) absorptions attributed to mafic minerals, in particular ortho-and clinopyroxenes (Adams, 1974; Hardersen et al., 2005; Burns, 1993) . The visible (VIS) region from 0.45 to 0.7 lm was chosen to represent the visible continuum slope before a peak brightness at about 0.75 lm. The near-infrared slope regions were selected because there is a change in slope at about 1.5 lm. The precise wavelength of slope change varies from 1.35 to 1.65 lm and so the two NIR regions are separated by 0.15 lm. Nearinfrared slope (NIR1) is from 1.1 to 1.45 lm, and NIR2 is from 1.6 to 2.3 lm. The slope values are robust; changing the boundaries by 0.02 lm changes slope values by less than 2%.
Detection of the mafic bands is difficult due to the fact that they are co-located in wavelength with atmospheric water bands. If our Band 1 and 2 detections were due to atmospheric water, then we might also expect to detect an absorption at 1.4 lm, which is also strong. The fact that we do not detect an absorption at 1.4 lm, suggests that our atmospheric corrections are appropriate. Hardersen et al. (2005) show that the shape of M-type asteroid bands are quite different from those of atmospheric water and argue that they are, instead, weak mafic bands.
When an absorption feature is detected, band centers and band depths are calculated. First a linear continuum is fitted at the edges of the band; that is from the peak in the visible region to the region between 1.3 and 1.4 lm. Then, the spectra are divided by the linear continuum and the region of the band is fitted with a polynomial of order between 2 and 7. The band center is calculated as the position where the minimum of the polynomial occurs, and the band depth as the minimum in the spectral reflectance curve relative to the fitted continuum.
To indicate the strength of the band, we calculate a quantity that we call the ''Band Signal Strength Ratio'': we divide the depth of the band by the standard deviation between the polynomial fit and the reflectance data. In Ockert- we carefully compared band signal strength ratios for two cases for each asteroid: when the band was fit with a straight line versus when the band was fit with a polynomial curve. Band signal strength ratio values measured from 1.5 to 10 and were compared with meteorite bands measured similarly. This process helped us to establish a threshold value of approximately 3 for a secure band detection (i.e. when a band is present at the 3r level). If a band signal strength ratio exceeds 3, then we feel confident that we have a detection. For values below 3, we suggest the data are either too noisy, or the band is too faint for detection. The band depths and band signal strength ratios for each asteroid are given in Table 3b . We note that threshold values for secure detection depend on many factors and should be individually determined for each data set. In Clark et al. (2011) the data supported a secure detection at threshold values of 10 (i.e. when a band is present at the 10r level). The spectral feature measurements are presented in Table 3a . Table 3a sorts our targets according to the presence of the mafic bands, creating four groups: Group 1 ( Fig. 1) : no absorption bands, Group 2 ( Fig. 2 ): 0.9 lm band only, Group 3 ( Fig. 3) : 0.9 and 1.9 lm bands detected. One object, 785 Zwetana, does not fall into any of the above groups (Fig. 4) since the location of the detected bands is significantly different from all other targets.
3.1.1. Group 1: no mafic bands 3.1.3. Group 3: measurable 0.9 lm and 1.9 lm Fig. 3 presents the asteroid spectra with measurable 0.9 and 1.9 lm mafic absorptions. These objects have the characteristic spectrum of an Xk asteroid with a strong red continuum slope.
The band centers of the 0.9 lm band for these objects range from 0.89 to 0.93 lm. The band centers of the 1.9 lm band range from 1.72 to 1.95 lm. From Ockert-Bell et al. (2010) we have 55 Pandora, 110 Lydia, 216 Kleopatra, and 347 Pariana. From new observations we include 516 Amherstia.
The oddball: different from everything else
Zwetana does not have measurable mafic bands and has a concave curvature in the near-infrared (Fig. 4) . Of the objects in our SpeX database, few have the strong red slope with concave curvature similar to Zwetana's spectrum. Two X objects (229 Adelinda and 276 Adeleid ) and a T object (517 Edith) have similar concave shape but there are no SMASS data for any of these objects. See Ockert- for a more complete discussion of Zwetana.
Discussion

Search of RELAB spectral database for meteorite analogs
To constrain the possible mineralogies of our targets, we conducted a search for meteorite and/or mineral spectral matches. We used the publicly available RELAB spectrum library (Pieters, 1983) , which consisted of nearly 15,000 spectra in the November of 2008 public download. We added spectra for iron meteorites presented in Cloutis et al. (2010) Shepard et al. (2010) . Visible spectrum (VIS) slope is measured from 0.45 to 0.7 lm, the near-infrared slopes are measured between: NIR1 1.1-1.45 lm, NIR2 1.6-2.3 lm. Slope units are reflectance/lm. The NiFe content and radar analog are from Shepard et al. (2010) .
a The band centers for these two asteroids do not correspond to typical minerals found on asteroid surfaces. spectrum in the library, a filter was applied to find relevant wavelengths (0.4-2.5 lm). A second filter was applied to reject spectra with brightness at 0.55 lm that differed from the asteroid's albedo by more than ±7% (absolute). For example, if the asteroid's albedo was 10%, then we compared it to all meteorite spectra with brightnesses from 3% to 17%. This process produced a list of approximately 4000 RELAB spectra of appropriate brightness and wavelength coverage for comparison to the asteroid. The ''albedo'' (brightness) of a meteorite is taken to be the reflectance value at 0.55 lm of a sample measured at 30°phase
angle. This value is compared with the asteroid geometric albedo (p v ) at a wavelength of $0.55 lm (usually V band at 0°phase angle). While this comparison is decidedly inexact, we have never seen an empirical ''correction'' factor that can be used to convert reliably from meteorite reflectance to asteroid albedo. It is certain that the two measurements are correlated, and that they can be compared in a relative sense. Meteorite reflectance varies with grain size and sample packing (an effect we have tried to account for by including various grain sizes in our comparison meteorite dataset), and asteroid albedos are generally known to within 20% in absolute terms (Tedesco et al., 2002) . Considering these facts, we have decided to use published asteroid albedos and published meteorite reflectances without making any corrections from one quantity to the other, in order to make the least number of assumptions about the nature of the correlation between these quantities. Our large range in meteorite brightness of ±7%, is however, an attempt to allow for the inexact nature of the comparison of asteroid albedo and meteorite brightness. We normalized our asteroid and meteorite spectra to 1.0 at 0.55 lm before calculation of the v 2 value for each RELAB sample relative to the input asteroid spectrum. The lists of RELAB spectra were sorted according to v 2 , and then visually examined for dynamic weighting of spectral features by the spectroscopist.
Given similar v 2 values, a match that mimicked spectral features was preferred over a match that averaged through small spectral band features. We visually examined the top $50 v 2 matches for each asteroid to make sure that the results of our comparison algorithm were reasonable. The search algorithm ranged over the entire database without constraints on particle size. Many of the matches found by our search algorithm are particulate materials, which are relevant for asteroid regoliths. However, the RELAB database does not contain very many spectra of particulate metal samples, and the search algorithm often resulted in solid-surface samples, such as slabs. While these surfaces are not considered to be relevant for asteroid regoliths, it is interesting that their spectral properties are a better match for many of the asteroids we observed. The two meteorites with the most matches, Landes and Esquel, are both slab samples. Cloutis et al. (2010) examine the systematic differences between particulate and slab samples of iron meteorites. Because it is rich in contextual information, we provide here a direct quote from their abstract:
''The 0.35-2.5 lm reflectance spectra of iron meteorite powders and slabs have been studied as a function of composition, surface texture (for slabs), grain size (for powders), and viewing geometry (for powders). Powder spectra are invariably redsloped over this wavelength interval and have a narrow range of visible albedos ($10-15% at 0.56 lm). Metal (Fe:Ni) compositional variations have no systematic effect on the powder spectra, increasing grain size results in more red-sloped spectra, and changes in viewing geometry have variable effects on overall reflectance and spectral slope. Roughened metal slab spectra have a wider, and higher, range of visible albedos than powders (22-74% at 0.56 lm), and are also red-sloped. Smoother slabs exhibit greater differences from iron meteorite powder spectra, exhibiting wider variations in overall reflectance, spectral slopes, and spectral shapes. No unique spectral parameters exist that allow for powder and slab spectra to be fully separated in all cases. Spectral differences between slabs and powders can be used to constrain possible surface properties, and causes of rotational spectral variations, of M-asteroids.'' . Table 4 shows the results of the search using normalization at 0.55 lm. Fig. 5 shows the plots of the asteroid spectra with the spectra of their best matches plotted in red. Several asteroids were difficult to match with RELAB spectra partly because their albedos are greater than 0.20 (55 Pandora, 129 Antigone, 250 Bettina, and 678 Fredegundis). For these asteroids, it was difficult to find anything in the RELAB database with corresponding brightness. The closest matches in albedo and spectral shape were lunar samples. However, lunar samples have deeper 0.9 and 1.9 lm absorptions, which were inconsistent with the asteroid spectra.
Three meteorites showed up as best matches for many of the asteroids when the data were normalized to 0.55 lm. These meteorites are discussed below; they all have a substantial number of silicate inclusions and do not have the nearly pure metal composition of iron meteorites like Odessa. The iron meteorite Landes was a spectral match for eleven asteroids, and the best match for seven. Landes is an iron meteorite with silicate inclusions and a large number of minerals in a NiFe matrix. Chemical analysis shows this meteorite to be 81% NiFe and 16% silicates (Bunch et al., 1972) . This result may indicate that Landes-type material is more common on M-type asteroid surfaces than is pure NiFe metal.
The stony-iron meteorite Esquel was a spectral match for eight asteroids, and the best match for three asteroids. Esquel is described as containing ''Large olivine masses transected by thin The EH5 enstatite chondrite St. Mark's was a match for five and the best match for three asteroids. Enstatite chondrites have oxygen isotope compositions that plot near the terrestrial fractionation line, and highly reduced mineral assemblages (containing little FeO, Si-bearing metal, and sulfides of elements normally considered lithophile). The high-iron (EH) chemical group is distinguished by small chondrules (0.2 mm), abundant metal ($10 vol.%) that is rich in Si ($3 wt.%), and an extremely reduced mineral assemblage including niningerite (MgS) and perryite (Fe-Ni silicide). The Type 5 designation means that St. Mark's has been metamorphosed under conditions sufficient to homogenize olivine and pyroxene, convert all low-Ca pyroxene to orthopyroxene, cause the growth of various secondary minerals, and blur chondrule outlines (The Meteoritical Society, 2010).
Parameter comparisons
The values of the six parameters (brightness, VIS slope, NIR1 slope, NIR2 slope, Band 1 center, and Band 2 center) of the asteroids can be compared with those of each of the meteorite classes (Table 5) . Meteorite parameter values can be found in Table 6a -d of Ockert-Bell et al. (2010) . We use four tests and a discriminant analysis method to determine the meteorite class that is most compatible with each of our targets.
Parameter range comparison test
We find the minimum and maximum range of each parameter for each meteorite group (e.g. the range in brightness for enstatite chondrites (EC) is 0.06-0.18). Asteroids were tested one-by-one in a binary sense (0 for not within meteorite parameter range, 1 for within range). We then added up the number of positive results (the number of 1s). The meteorite type that matched the greatest number of asteroid parameters was called the best fit type. Since many of the meteorite parameter value ranges significantly overlap, it is difficult to determine compositional predictions using only this method. The results of the comparison test are given for each asteroid in Table 6 .
Average distance test
We find the absolute value of the difference between an asteroid's parameter value and the average parameter value of meteorites within each meteorite class. For each parameter, the best-fit type is determined by the lowest distance from the class average value. The class that appears most often between the six parameters is the overall best fit type. The results of the average distance calculation test are given for each asteroid in Table 7 .
Mean distance test
We find the mean parameter value for each meteorite type. The absolute value of the difference between an asteroid's parameter value and the mean value for each meteorite type is calculated and divided by the standard deviation of the meteorite parameter values. We then sum the mean distances over all six parameters. The meteorite type with the lowest total sum was classified as the best fit type. The results of the mean distance test are given for each asteroid in Table 7 .
Median distance test
For the parameters Band 1 center and Band 2 center, the mean parameter is unrealistic, since spectra with no band are given a value of zero. In these cases, using the median parameter value more accurately describes the actual parameter values of the meteorites. Therefore, in this test we find the median parameter value for each meteorite type. The absolute value of the difference between an asteroid's parameter value and the median value for each type is calculated. We then sum the median distances over all six parameters. The meteorite type with the lowest sum was a Indicates that some meteorites in the group do not show presence of a band. selected as the best fit type. The results of the median distance test are given for each asteroid in Table 7 .
Discriminant analysis
Discriminant analysis is a statistical technique concerned with the relationship between a categorical variable and a set of interrelated variables. This technique has been widely used as a classification system for terrestrial geological studies (Prelat, 1977; Clausen and Harpoth, 1983) . In this situation the categorical variable denotes membership in 8 classes of meteorites that we have designated (CICM, CKCOCV, CR, EC, IM, SIM and UR) and our variables were the 6 measurements of albedo, visual slope, NIR1 slope, NIR2 slope, Band 1 center and Band 2 center for each spectrum. The idea of R.A. Fisher's approach to discriminant analysis (McLachlan, 2004) is to find the linear combinations of the measurements (the discriminant functions) that maximize the ratio of between-group to within-group sum of the squares (the analysis of variance F statistic). These discriminant (linear) functions can then be used to predict group membership of new objects (our asteroids) based on the values of the same independent variables. One limitation of the method is that this notion of separation between groups is based on an assumption that the values of the measurements are normally distributed (McLachlan, 2004) . In our case, Band 1 center and Band 2 center are not normally distributed since meteorites without an absorption band are given values of zero.
For training data to determine the discriminant functions we used the data from our collection of RELAB meteorite spectra. Using the statistical software package MINITAB, discriminant analysis was run using albedo, visual slope, NIR1 slope, NIR2 slope, Band 1 center and Band 2 center as the six independent variables. The analysis was run multiple times with different meteorite classes grouped together, in order to determine which combinations resulted in the greatest proportion of correct classification of the meteorites. We determined that it is best to group the CI and CM classes together, and the CK, CO, and CV classes together, instead of keeping all meteorite classes separate. This resulted in a total of eight groups (CICM, CKCOCV, CR, EC, IM, SIM, and UR). Out of 132 CI and CM meteorites, 121 were correctly identified as belonging to the CICM group. Out of 85 CK, CO, and CV meteorites, 72 were correctly identified. Out of 15 CR meteorites, 8 were correctly identified. Out of 9 EC meteorites, 6 were correctly identified. Out of 23 IM meteorites, 17 were correctly identified. Out of 5 SIM meteorites, 4 were correctly identified. Out of 19 UR meteorites, 18 were correctly identified. Overall, the discriminant functions correctly classified the meteorites 85.4% of the time. This is summarized in Table 8a . The discriminant functions did not perform as well for two classes (CR and EC). This is likely due to low number statistics. The known meteorites within these classes have too much variation within our measurable parameters to be well classified.
The most likely meteorite type predictions for our asteroids are given in Table 8b . The probability that each prediction is reliable is also given. In cases where the probability was less than 50%, we list the two most likely predictions as a best-fit type.
Synthesis of parametric analysis
The results of parameterization, four comparison tests and a discriminant analysis are summarized in Table 9 . In Table 9 we show the best-fit types for each asteroid for each method, an overall best-fit type for the parametric tests, and the RELAB best-fit type. The overall best-fit type for parametric tests is given when a meteorite type is a best-fit for three or more parametric comparison methods.
Synthesis with radar
As discussed in Shepard et al. (2010) , radar may be a better tool than spectroscopy for identifying metallic content in asteroids because the spectra of metallic minerals are mostly featureless. The assumption in the work of Shepard et al. (2010) is that iron is several times denser than rock-forming silicates and, since radar reflectivity depends primarily upon near-surface bulk density (Ostro et al., 1985) , an asteroid composed primarily of iron will have a significantly higher radar reflectivity than one composed of silicates. Shepard et al. (2010) developed a heuristic model for linking the observed radar albedo to an asteroid's near-surface bulk density in order to determine the best meteoritic analog(s) for M-type asteroids. To do this, they used what is known about the radar reflectivity of powdered materials and the consensus view of MBA surfaces and compositions. The model estimates surface bulk density from radar albedo (or vice versa), and allows comparison of the estimated surface densities to those of meteorite analogs (Britt and Consolmagno, 2003) . For consistency with Shepard et al., we considered iron meteorites (IM), low and high metal enstatite chondrites (EC), high metal carbonaceous chondrites (in particular CH and CB), low metal carbonaceous chondrites (CI and CM), and stony-iron meteorites (SIM). Based on the radar observations, the model NiFe content (high, moderate, low) for each of the asteroids in our survey is copied from Shepard et al. (2010) into Table 3a . In Ockert- we concluded that the highest metal-content asteroids tend to exhibit both absorption features at 0.9 and 1.9 lm, and the lowest metal-content asteroids tend to exhibit either no bands or only the 0.9 lm band. However, as seen in Table 3a , this conclusion no longer holds. Of the eight asteroids with the highest metal content as indicated by radar, five exhibit only the 0.9 lm band and the remaining three exhibit both the 0.9 and 1.9 lm bands. For probabilities below 50% we conclude that this method is not reliable.
Table 9
Best-fit meteorite type: all methods of parametric comparison.
The best radar analogs for each of the asteroids in our survey (Shepard et al., , 2011 are presented in Table 10 and compared with the results from our RELAB searches, parametric comparison tests, and discriminant analysis.
We find that for four of the eight asteroids with the highest iron abundances, our spectral results are consistent with the radar evidence. For three of the eight with the lowest metal abundances, our spectral results are consistent with the radar evidence. The remaining twelve asteroids have ambiguous compositional interpretations when comparing the spectral analogs with the radar analogs. The number of objects with ambiguous results from this multi-wavelength survey indicates perhaps a third diagnostic wavelength region (such as the mid-infrared around 2-4 lm, the mid-infrared around 8-25 lm, and/or the ultraviolet around 0.2-0.4 lm) should be explored to resolve the discrepancies.
Summary
With the inclusion of seven additional asteroids to our nearinfrared observation database, bringing our total to 29 asteroids, we are able to update and expand on some of the results from Ockert- .
(1) Discriminant analysis uses a linear combination of parameter values to correctly classify meteorite groups 85% of the time. (2) Twenty-six of twenty-nine asteroids in our survey have weak absorptions at 0.9 lm and six of twenty-nine have a weak absorption at 1.9 lm. By definition, these asteroids would be Xk asteroids in the Bus-DeMeo taxonomy. (3) Three of the eight asteroids with the highest modeled iron content from radar studies have both the 0.9 and 1.9 lm absorption features. These absorptions indicate the presence of pyroxene, so these asteroids are not consistent with pure nickel-iron metal surfaces. (4) Few of the iron and enstatite chondrite meteorite analogs exhibit the 1.9 lm absorption. For a near-infrared spectrum of pyroxene-rich material, increasing amounts of metal will cause both the 0.9 and 1.9 micron bands to weaken. However, the 1.9 lm band will disappear first as metal abundance increases. We find it surprising and odd that we detect a weak 1.9 lm feature in the asteroid spectra and yet find no evidence for the presence of the feature on many of the analog meteorites. There are many possible explanations and we list three of them here: (1) We did not completely remove telluric absorption features. We suggest that this is unlikely because the strong telluric feature at 1.4 lm is not present in our asteroid spectra. (2) Mesosiderites and CH meteorites are the best available analogs for the asteroid surface but are not represented well in the RELAB database and hence do not have a chance to show up in our RELAB searches or statistical methods. (3) The terrestrial meteorite collection is incomplete and we do not have analogs in our meteorite collections for Group 3 asteroid surface materials. In this case, a mineralogical study can help find possible analogs. (5) A search for meteorite spectral matches in the RELAB library found that twelve of twenty-nine asteroids could be modeled using the Landes iron meteorite. For seven of twentynine Landes was the best match. Asteroids in our sample with very high visible albedos were not well matched (except by lunar samples, which have deeper absorptions and are not appropriate analogs for cosmochemical reasons). (6) A parametric search of the asteroid and meteorite samples shows that the best matches for our asteroids are usually iron meteorites (Table 9 ). However, we note that the measurements of iron meteorites found in the RELAB database are most often slab measurements and that a number of the iron meteorites measured contain significant inclusion of pyroxenes and other minerals. (7) For twenty-five of twenty-nine asteroids (86%), our parametric comparison test results were consistent with each other in three out of four methods in determining a likely meteorite analog type. (8) For seven of eighteen asteroids (39%) one or more of our meteorite analog type predictions were consistent with radar evidence. Ockert- reported 40% agreement between radar evidence and one or more spectral method. Hence, our modest increase in sample size has not significantly changed the rate of agreement between methods of compositional deconvolution. (9) Discriminant analysis indicates that asteroids with no silicate bands are comparable with iron meteorites and that asteroids with both a 0.9 and 1.9 lm absorption band can be compositionally compared to stony-iron meteorites (Table 8b ). (10) This paper synthesizes results from three methods: RELAB spectral library searches, parametric comparison tests with meteorites, and radar albedo bulk density analogs. Our curve-matching spectral library search results are consistent with our parametric comparison tests in fifteen cases out of twenty-nine studied (52%).
Conclusion
This work updates, expands, and corrects the results of our long-term radar-driven observational campaign of main-belt asteroids (MBAs) focused on Bus-DeMeo Xc-and Xk-type objects (Tholen X and M class asteroids) using the Arecibo radar S-band telescope and NASA Infrared Telescope Facilities' SpeX instrument (Ockert-Bell et al., 2008 Shepard et al., 2008a Shepard et al., ,b, 2010 . Near simultaneous observations in the near-infrared and the S-band radar have revealed some interesting insights into the Tholen M-type (Bus-DeMeo Xc and Xk type) asteroids. By correlating near-infrared spectral features with radar derived metal abundances, we have cataloged the multi-wavelength behavior of 18 asteroids. We have also presented an analysis of the near-infrared properties of an additional 11 asteroids.
The near-infrared spectra of our asteroids exhibit a few weak silicate absorptions. These weak absorptions are not seen in spectra of pure metal meteorites . Such absorptions would not be expected if the asteroids were the parent bodies of pure metal meteorites. However, the steep near-infrared slope and moderate albedos of the asteroids suggest linkage with the pure metal meteorites. One meteorite was a match for many of the asteroids: the Landes iron meteorite. Landes has a large number of silicate inclusions in a nickel-iron matrix. The evidence indicates that the surfaces of these asteroids are composed of metal/ silicate mixtures. We conclude that even asteroids with the highest radar metal abundances cannot be assumed to be pure metal.
Future work should complete a statistical sampling of these asteroids, strengthen laboratory databases on the properties of metal meteorites, and explore other wavelength regions.
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